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Knowledge of thermodynamics of lipid membrane partitioning of amphiphilic drugs as well as their binding
site within the membrane are of great relevance not only for understanding the drugs’ pharmacology but
also for the development and optimization of more potent drugs. In this study, the interaction between
two representatives of selective serotonin reuptake inhibitors, including paroxetine and sertraline, and
large unilamellar vesicles (LUVs) composed of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) was
investigated by second derivative spectrophotometry and Fourier transform infrared spectroscopy (FTIR)
to determine the driving force of the drug partitioning across lipid membranes. It was found that
temperature increase from 25 to 42 °C greatly enhanced the partitioning of paroxetine and sertraline
into DOPC LUVs, and sertraline intercalated into the lipid vesicles to a greater extent than paroxetine in
the temperature range examined. The partitioning of both drugs into DOPC LUVs was a spontaneous,
endothermic and entropy-driven process. FTIR measurements suggested that sertraline could penetrate
deeply into the acyl tails of DOPC LUVs as shown by the considerable shifts in the lipid's CH, and C=0
stretching modes induced by the drug. Paroxetine, however, could reside closer to the head groups of

the lipid since its presence caused a larger shift in the PO,™ bands of DOPC LUVs. The findings reported
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Accepted 14th October 2020 here provide valuable insights into the influence of small molecules’ chemical structure on their

molecular interaction with the lipid bilayer namely their possible binding sites within the lipid bilayer and
their thermodynamics profiles of partitioning, which could benefit rational drug design and drug delivery
systems.

DOI: 10.1039/d0ra07367a

rsc.li/rsc-advances

Selective serotonin reuptake inhibitors (SSRIs) have been
considered as the first-line medicines for the treatment of

1. Introduction

Most of the drugs available on the market target trans-
membrane proteins.' As a result, the ability of a drug molecule
to cross the cell membrane and interact with lipid bilayers is
a critical benchmark in drug design, development and optimi-
zation.> Additionally, the thermodynamics of drug-lipid
membrane interaction not only offers essential information
regarding the force that drives a drug across lipid membranes
but also reveals its pharmacological behavior, thus it has been
of great research interest.*™°
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depression and other mental disorders* since they alleviate the
symptoms of depression by raising serotonin level. When SSRIs
are administered, they inhibit the neuronal uptake pump for
serotonin by binding to the serotonin transporter, and thus
prevent the re-uptake of serotonin.”* To reach their targets,
SSRIs must partition into cell membranes, as a result, any
interactions between SSRIs and lipid membranes are crucial in
understanding the mechanism of action of the drugs. SSRIs
have been found to not only accumulate in the cell
membranes'*** but also alter the physical structure and prop-
erties of lipid bilayers upon their partitioning.***® It was previ-
ously reported that fluoxetine, a common SSRI, partitioned to
a greater extent into liquid-crystalline 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) bilayers than into solid-gel 1,2-dipal-
mitoyl-sn-glycero-3-phosphocholine (DPPC) bilayers and the
membrane partitioning of fluoxetine increased with tempera-
ture in which the lipid phase changed from solid-gel to liquid-
crystalline.’® Furthermore, fluoxetine structurally disordered
both DOPC and DPPC bilayers upon its partitioning.’® The
disordering effect of fluoxetine upon its partitioning into 1,2-

This journal is © The Royal Society of Chemistry 2020
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dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and DPPC
bilayers was also observed.*

Although SSRIs-lipid membrane interactions have been
subjected to several studies, the thermodynamics of SSRIs
partitioning into lipid membranes, especially the Gibbs free
energy, enthalpy and entropy change of partitioning, has not
been described. Moreover, the force that drives the partitioning
of SSRIs into lipid bilayer has not yet been elucidated. Addi-
tionally, previous studies on SSRIs-lipid membrane interaction
were only carried out with fluoxetine as the representative
drug'®'*® while little attention has been paid to paroxetine
(PAX) and sertraline (SER) in spite of their wide usage in the
treatment of depression.'***

As cationic amphiphilic drugs, PAX and SER are defined by
two main physicochemical attributes: a hydrophobic ring
system and a basic, nitrogen-containing group.”” In PAX, the
hydrophobic ring system is composed of a piperidine bearing
1,3-benzodioxol-5-yloxymethyl and 4-fluorophenyl substituents
at positions 3 and 4, respectively, while the nonpolar moiety of
SER is tetralin which has methylamino and 3,4-dichlorophenyl
substituents at positions 1 and 4, respectively. The nitrogen-
containing group of PAX is the piperidine group, while that of
SER is the methylamino group, both of which are secondary
amine. Additionally, the halogen moiety on the hydrophobic
ring system of the two drugs also differs, in which PAX has one
fluorine atom while SER possesses two chlorine atoms. Due to
the heterogeneity in their chemical structures, the physico-
chemical properties of PAX and SER, such as log P and total
polar surface area (TPSA), are also different, which lead to the
dissimilarity in pharmacokinetic and pharmacologic action
between PAX and SER.?****° The chemical structures of PAX and
SER were depicted in Fig. 1.

In this study, thermodynamics of the two SSRIs, PAX and
SER, partitioning into lipid membranes, were characterized in
an attempt to provide a more comprehensive understanding of
SSRIs-lipid membrane interactions. Large unilamellar vesicles
(LUVs) composed of DOPC were chosen in the present work as
a model of lipid membranes. With a cis double bond between
the C9 and C10 in each chain (see Fig. 1), DOPC exists in the
liquid-crystalline state at a temperature above its Ty,
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Paroxetine Sertraline
logP = 3.95 logP = 4.30
TPSA=39.7 A2 TPSA=12.0 A2

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)

Fig.1 Chemical structures of paroxetine, sertraline and 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC).
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(—16.5 °C ?’), mimicking well the fluid cell membranes, and
thus has been commonly used as a model lipid for probing
drug-lipid membrane interactions.'®***

Thermodynamics of membrane partitioning of PAX and SER
was determined by measuring DOPC liposome/water partition
coefficients (K,) of the drugs at varying temperatures using
second derivative spectrophotometry, an effective method in
measurement of drug partitioning owing to its ability to elimi-
nate the light scattering from lipid vesicles.'®'"*>?** Gibbs energy
(AG), enthalpy (AG) and entropy (AS) change of the drug par-
titioning were then extracted from Van't Hoff figure in which
logarithms of K, values were plotted against inversed temper-
ature. Along with partition coefficient determination, the
conformational changes in DOPC bilayer were investigated by
FTIR to provide complementary information regarding the
thermodynamics profiles of SSRIs-DOPC LUVs interaction.
Particularly, the ordering degree of the lipid acyl chains before
and after the drug partitioning can be revealed by changes in
the location of the CH, stretching bands®** and the hydration
state of the interfacial regions can be obtained by frequency
shifts in the C=0 and PO, bands of the lipid head groups.*®

2. Methods

Paroxetine (PAX) and sertraline (SER) were obtained from Sigma
Aldrich (USA). 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC)
in chloroform was purchased from Avanti Polar Lipids (USA)
and used without further purification. The stock solution of
lipid was made at a concentration of 20 mg mL ™. HEPES (4-(2-
hydroxyethyl)-1-piperazine-ethanesulfonic acid) buffer was ob-
tained from Sigma Aldrich (USA). All liquid suspensions were
prepared with 10 mM HEPES buffer containing 50 mM NacCl, at
pH 7.4.

2.1 Preparation of large unilamellar vesicles

Chloroform in the lipid solution was removed by evaporation
using a stream of nitrogen. The residual amount of chloroform
was further removed under vacuum for at least 8 h at room
temperature. The dried lipid film was then suspended with
HEPES buffer at pH 7.4 and sonicated at room temperature. The
lipid suspensions were subjected to 5 cycles of a cooling-heat-
ing process. Large unilamellar vesicles (LUVs) were produced by
extruding the lipid suspensions through a polycarbonate
membrane of 0.1 um pore size (Whatman Inc., USA) using
a mini-extruder (Avanti Polar Lipids, USA).

2.2 Preparation of drug-liposome mixtures

Sample solutions were prepared by adding the drug solution at
a fixed concentration (0.50 mM for PAX and 0.045 mM for SER)
to different concentrations of the lipid suspensions. Reference
samples were prepared identically but without the drugs. All
drug-liposome mixtures were vortexed for 1 min and then
incubated at 25 °C, 32 °C, 37 °C or 42 °C for 30 min before being
subjected to absorbance measurements.

RSC Adv, 2020, 10, 39338-39347 | 39339
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2.3 Collection of absorption spectra and second derivative of
absorption spectra

The absorption spectrum of each sample was collected using
a microcell cuvette with a chamber volume of 700 pL by Agilent
Cary 60 UV-Vis spectrophotometer (Agilent, USA) with
a temperature regulated cell holder set at the given temperature.
The spectral window was from 205 nm to 330 nm for PAX and
from 205 nm to 260 nm for SER with a wavelength interval (AA)
of 1 nm. The second derivative spectra were calculated using
Origin (Origin Lab, WA, USA) based on the Savitzky-Golay
method in which the second-order polynomial convolution of
20 points was employed.

2.4 Determination of partition coefficient

The partition coefficient (K,) of a drug between the lipid phase
and the water phase is defined as:

B fraction of drug in lipid/[lipid]

~ fraction of drug in water/[aqueous phase]

> (1)
where [lipid] is lipid molar concentration, and [aqueous phase]
is water molar concentration.

The fraction of the bound drug is defined as AD/ADay,
where AD is the derivative intensity difference between
absorption in the presence and absence of lipid vesicles and is
directly proportional to the drug concentration in the lipid
phase.

AD =D — D, (2)

where D and D, are the derivative intensity of the drug with and
without the lipid, respectively. When all drug molecules are in
the lipid phase, AD = AD,,,,,. From eqn (1) and (2), the following
equation can be obtained:

K, AD 0 [lipid]

AD = [aqueous phase] + K |lipid] (3)

Non-linear least square fitting of eqn (3) with the experi-
mental values of AD and [lipid] for a selected drug concentra-
tion can be performed in order to obtain K. In principle, AD
value at any wavelength can be used to determine K,.*** In
practice, AD values at the wavelength that give the smallest
standard deviation in the calculation of K}, have been frequently
used. In our case, the K, values at 219 nm exhibited smaller
errors as compared to those calculated at other wavelengths;
thus, this wavelength was chosen for the K;, calculation of both
PAX and SER.

2.5 Determination of thermodynamic parameters

Thermodynamics of the partitioning of a drug from the aqueous
phase into the lipid phase can be determined by the relation-
ship between changes in Gibbs free energy AG and logarithm of
K .

b

AG=—RTh K, (4)
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where R is the ideal gas constant (8.314 J mol ' K ') and T'is the
temperature (K).

Gibbs free energy (AG) can be represented as the change in
enthalpy (AH) minus the change in entropy (AS) at a certain
temperature T:

AG=AH — T x AS (5)

Substituting eqn (4) into eqn (5), Van't Hoff equation is
established:

AH 1 AS
In Kp——TX ?‘F? (6)
AH and AS can then be determined from a linear regression plot

of In K}, values against 1/T.

2.6 ATR-FTIR measurement

The SSRIs at a concentration of 2 mg mL ™" in HEPES buffer (pH
7.4) were added into DOPC LUVs to obtain mixtures of DOPC:
drug = 85:15 (mol%). The drug-lipid mixtures were then
incubated for 30 min at 25 °C prior to IR measurements. The
Tensor 27 FTIR spectrometer (Bruker Corporation, USA) with
the scan range of 4000-1000 cm™ ', the spectral resolution of
2 cm™' and an average of 64 scans was used to acquire the
spectra. The structural changes within the lipid bilayers could
be reflected by the frequency shifts in the CH, stretching modes
of the acyl chain (2800-3000 cm "), the C=0 stretching region
(1700-1760 cm™') and the PO,~ stretching bands of the lipid
head group (1150-1270 cm™'). The FTIR spectra were back-
ground subtracted, baseline corrected and normalized against
to the maximum intensity of the CH, band. Gaussian mathe-
matical transformation on PeakFit v4.12 (Systat Software Inc.,
USA) was used to perform the Fourier deconvolution in order to
reveal the component peaks.*® The peak deconvolution of the
CH,, C=0 and PO, regions in the FTIR spectra was performed
first by self-location of the peak assignments with the full width
at half maximum kept at a constant for each stretching mode
and the heights left as a free parameter. The peak positions,
intensities and the Gaussian shapes were then altered until the
best fits of the spectral shapes were obtained.

3. Results

3.1 Absorption and second derivative spectra of SSRIs

The absorption spectra of PAX and SER with the presence of
varying concentrations of DOPC LUVs at 25, 32, 37 and 42 °C
were collected. The absorption spectra of PAX and SER at 25 °C
were shown in Fig. 2A and 3A, respectively as representative
examples. The absorption spectra in Fig. 2A and 3A were ob-
tained by subtracting the reference (pure lipid) spectra from the
sample (mixture of drug and lipid) spectra that contain the
same lipid concentration. It is noted that the concentrations of
PAX (0.50 mM) and SER (0.045 mM) in this work complied with
the Beer's Law for absorption and the choice of drug concen-
tration should not affect its partition coefficient into the lipid
bilayer.>***

This journal is © The Royal Society of Chemistry 2020
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(A) Absorption spectra of PAX in HEPES buffer (pH 7.4, 25 °C) containing various amounts of DOPC LUVs (mM): (1) O; (2) 0.022; (3) 0.044;

(4) 0.088; (5) 0.178; (6) 0.250; (7) 0.350; (8) 0.592. (B) Second derivative spectra of PAX calculated from the absorption spectra (A).

Increasing the concentration of DOPC LUVs resulted in
a reduction of intensity (hypochromic effect) and a deviation in
absorption maxima (Anax) of PAX from 232 nm to longer wave-
length (bathochromic effect). SER also exhibited the same
hypochromic and bathochromic effects, from 223 nm to longer
wavelength, upon the introduction of increasing the lipid
concentration. A hypochromic effect marks a significant inter-
action between a drug and lipid bilayers.**** A bathochromic
effect occurs when the polarity of the environment surrounding
a drug decreases.**** These phenomena indicated that both PAX
and SER partitioned into DOPC LUVs.** As a result of light
scattering coming from the lipid vesicles, no isosbestic point
was detected in the absorption spectra of either drug. In order
to eliminate the background signals and to improve the reso-
lution of overlapped signals between the aqueous phase and the
lipid phase, the second derivative was then applied to the
absorption data. The second derivative spectra calculated from
the absorption spectra in Fig. 2A and 3A were depicted in Fig. 2B
and 3B, respectively. For both PAX and SER, the minima of the
second derivatives increased in intensity and shifted toward
longer wavelengths with increasing the lipid concentration.

—o0mM
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o 1 ——0.030 mM
ov/
06 I

0.060 mM
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0.150 mM
——0.200 mM
——0.300 mM
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0.2

0.0 T T T 1
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Wavelength (nm)

T T
210 220

Fig. 3

Moreover, in the second derivative spectra, PAX exhibited two
isosbestic points at 235 nm and 297 nm, while those of SER
were located at 227 nm and 242 nm. The presence of these
isosbestic points indicated that the background signal arisen
from light scattering was removed in the second derivative
spectra®*” and suggested that PAX and SER equilibrated in two
phases, the lipid phase and the aqueous phase.*®

3.2 Partition coefficients of SSRIs in DOPC LUVs

The K, values of PAX and SER into DOPC LUVs were obtained by
the nonlinear least-squares fitting, as described in the experi-
mental section. The AD values were calculated as the differ-
ences in the second derivative of absorption between spectrum
1 and the remaining spectra in Fig. 2B and 3B at a wavelength of
219 nm.

AD/AD,,., values, which denote the fractions of either PAX or
SER partitioned into DOPC LUVs, were plotted versus the lipid
concentration and shown in Fig. 4. Solid lines represented the
theoretical curves calculated from eqn (3). The calculated K,
values of PAX and SER partitioned into DOPC LUVs were listed
in Table 1.

0.005 =
0.000

-0.005

Second derivative

-0.010

-0.015 T T T T T 1
210 220 230 240 250 260
Wavelength (nm)

(A) Absorption spectra of SER in HEPES buffer (pH 7.4, 25 °C) containing various amounts of DOPC LUVs (mM): (1) O; (2) 0.010; (3) 0.020;

(4) 0.030; (5) 0.060; (6) 0.100; (7) 0.150; (8) 0.200; (9) 0.300. (B) Second derivative spectra of SER calculated from the absorption spectra (A).
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Fig. 4 Derivative intensity difference value (AD/AD,y) of (A) PAX and (B) SER in DOPC LUVs as a function of lipid concentration (mM) at 25 °C
(filled squares), 32 °C (filled circles), 37 °C (filled triangles) and 42 °C (filled diamonds). The solid lines show the theoretical curves calculated from

eqn (3) using the experimental values.

Table 1 K values of PAX and SER partitioning into DOPC LUVs at
varied temperatures

Table 2 Thermodynamic parameters of PAX and SER partitioning into
DOPC LUVs

Ky (x107°)° AGy_° (kf mol™)  AHy . (kK mol™") AS,_; (Jmol *K 1
Temperature PAX SER PAX  —25.80 +1.26 74.74 £ 1.26 337.38 £ 4.12
SER —26.64 + 1.20 84.83 + 1.20 373.88 + 3.92
25 °C 0.30 £+ 0.05 0.44 + 0.04 a
32 °C 0.82 - 0.09 1.03 + 0.09 AG,,_,1 was calculated at 25 °C.
37 °C 1.10 £ 0.07 2.09 4+ 0.21
42 °C 1.54 £ 0.06 2.55 £+ 0.13

“ Values are expressed as mean =+ standard deviation (N = 3).

Both PAX and SER partitioned into DOPC vesicles to a greater
extent with temperature, as demonstrated by the increase in
their K, values. When the temperature increased from 25 to
32 °C, the K, values of PAX and SER increased 2.7-fold and 2.3-

13.04 —m—PAX
--A-- SER
12.5 1
12.0
¥n.
= 11.5 1
11.0 4
10.5 4
10.0 T T

3.2 3?3 3.3
1T % 10° (K)

Fig. 5 Van't Hoff plot of PAX (filled squares) and SER (filled triangles)
partitioning into DOPC LUVs.

39342 | RSC Adv, 2020, 10, 39338-39347

fold, respectively. The increases in the K}, values of PAX and SER
were 1.2-fold and 2.0-fold from 32 to 37 °C, and 1.4-fold and 1.2-
fold from 37 to 42 °C, respectively. Furthermore, the K, values of
SER were consistently higher than those of PAX across the
temperature range examined.

3.3 Thermodynamics of SSRIs' partitioning into DOPC LUVs

The Van't Hoff plots for PAX and SER partitioning into DOPC
LUVs were shown in Fig. 5 and the calculated thermodynamics
parameters were listed in Table 2. The negative values of the free
energy change for PAX and SER (AG,,) indicated that the
transfer process of the drugs from the aqueous phase into
DOPC LUVs was energetically favorable. The Van't Hoff plots for
both PAX and SER exhibited negative slopes, i.e., positive
enthalpy changes (AH, ), revealing that the partitioning of
these drugs into the lipid bilayers was an endothermic process.
Additionally, both AH,,_,; and AS,,_,; were positive, indicating
that entropy mainly drives the incorporation of the drugs into
the lipid bilayers.

3.4 Structural changes of DOPC induced by SSRIs
partitioning

The structural changes of DOPC LUVs upon the SSRIs parti-
tioning were examined by FTIR at 25 °C to provide a better
comprehension of the drugs-lipid membrane interaction. A
mathematical addition of the pure DOPC spectrum to the

This journal is © The Royal Society of Chemistry 2020
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spectrum of either PAX or SER was conducted to validate the
perturbation of the SSRIs on DOPC bilayers. The resultant
addition spectra were different from the drug-lipid mixture
spectra in terms of shape and vibrational frequency assign-
ments, confirming the interaction of SSRIs-lipid bilayers (see
the ESIY).

The normalized FTIR spectra of DOPC LUVs with and
without PAX or SER in the CH,, C=0 and PO, regions were
shown in Fig. 6. The precision of the IR instrument employed in
this work is better than 0.01 ecm™" at a resolution of 2 ecm™%;
thus, a frequency shift of 1 em ™" for the stretching vibrational
band would be significant.*®**>°

The CH, symmetric (v;CH,) and asymmetric stretch (v,,CH))
frequencies, located around 2850 c¢cm™' and 2920 cm’,
respectively, are related to changes of the trans/gauche isomer-
ization of the lipid acyl chain.** The »,CH, and »,;CH, of DOPC
LUVs, were resided at 2855 cm ™" and 2924 cm ™', respectively
(Fig. 6). The partitioning of PAX and SER induced an increment
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of gauche conformers in the lipid acyl chain indicated by the
upward shift of 1 and 2 cm™" of the »,,CH,, respectively. This
reflects the disordered motion of DOPC's acyl chains caused by
the presence of the drugs.

The partitioning of the SSRIs into DOPC LUVs also
substantially perturbed the interfacial regions of DOPC LUVs as
revealed by changes in the location of the ester carbonyl »~C=0
stretching modes which appeared near 1730 cm ' and
1740 cm ™" for the hydrogen bonded C=0 (vC=Opongeq) and
free C=0O (vC=Ox), respectively.”> Both PAX and SER
provoked considerable downward shifts of the yvC=0O bands of
DOPC LUVs and the shift caused by SER was more pronounced
than that by PAX. Particularly, SER induced a downshift of
9 cm ™' and 5 cm™ " while PAX induced a downshift of 5 cm™"
and 3 cm ™, in the YC=Oypongeq and ¥C=0Ox., respectively (see
Fig. 6). Such decreases in the vC=O0 frequencies of DOPC LUVs
in the presence of the drugs indicated the increase in hydrogen

CH, =0 PO,-
A VasPO2"bonded
1 1225
Vupol'ﬁee
4 1241
‘;: 0.1 : —; Io_m
s s s |
g g g
£ £ £
V,CH, 1
2924
2980 2950 2920 2890 2860 2830 1760 1750 1740 1730 1720 1710 1700 1270 1250 1230 1210 1190 1170 1150
wavenumber (cm) wavenumber (cm™!) wavenumber (cm)
VasPO2"bonded
3 101 - 3
" 3 : s
Bl K :
e 4 2
- 2 S
£ £
VasCHI
2925 VCH,
2855
2980 2950 2920 2890 2860 2830 1760 1750 1740 1730 1720 1710 1700 1270 1250 1230 1210 1190 1170 1150
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- E =
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z g Z ]
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c o o
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Fig.6 Normalized FTIR spectra of (A) pure DOPC LUVs and those with (B) PAX, (C) SER in HEPES buffer (pH 7.4 and 25 °C), in the regions of CH,,
C=0 and PO, . The displayed frequencies were obtained from the deconvolution of the spectra.
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bonding between the drug molecules and the ester carbonyl
group of the lipid.

Conformational changes in DOPC LUVs upon the partition-
ing of the SSRIs can be further elucidated with regard to the
lipid head group's hydration state. The hydration state of the
head group can be reflected by the spectral characteristics of
asymmetric »,,PO, "~ stretching (1220-1270 cm™*).>* The v,,PO, "~
bands of DOPC LUVs were deconvoluted into fully hydrated
(72sPO2 bonded) and free PO, (vasPOy free) at 1225 cm™* and
1241 cm™?', respectively. The frequency of the lipid »,,PO,-
“bonded emained unchanged in the presence of SER but
increased by 3 cm™ ' upon the partitioning of PAX. The v,sPO,¢ce
was upshifted by 2 em ™" and 1 em™ " with the presence of PAX
and SER, respectively. All these upward shifts signified an
increase in the dehydration of the lipid head group upon the
drug partitioning. In particular, the dehydration effect caused
by PAX was more pronounced than that by SER, denoting this
drug could replace more water molecules from the lipid head

group.

4. Discussion

In this study, the thermodynamics of membrane partitioning of
the two common SSRIs, namely PAX and SER, was characterized
to provide a better understanding of SSRIs-lipid membrane
interaction. The K, values of PAX and SER into DOPC LUVs were
measured at varying temperatures by second derivative spec-
trophotometry and the conformational changes in the lipid
vesicles induced by the drug incorporation were also deter-
mined using ATR-FTIR.

As the temperature increased from 25 to 42 °C, DOPC
became more fluid, facilitating the partitioning of PAX and SER
into the lipid bilayer, which lead to an increase in the K, values
for both drugs. Additionally, the partitioning of PAX and SER
into the lipid bilayer was a spontaneous process as indicated by
the negative AG. The increase in temperature raised the kinetic
energy of both the drug and the lipid molecules and promoted
the rate of which the collision between them occurs. An
increased chance of collision between the drug molecules and
the lipid bilayer could largely promote the interaction and thus
contributed to the greater partitioning. The increase in K
according to the rise in temperature is in agreement with other
works in which fluoxetine, another SSRI, was found to partition
to a greater extent into DOPC LUVs as temperature increased
from 25 to 37 °C *® while haloperidol, a dopamine antagonist,
was reported to incorporate more strongly into DOPC vesicles as
temperature increased from 10 to 40 °C.%

SER was found to partition more strongly into DOPC LUVs as
compared to PAX at all temperatures studied. This could be
related to the more lipophilic property of SER than that of PAX,
indicated by its higher log P value (log P = 4.30 (ref. 54))
compared to the latter (log P = 3.95 **). Besides, the lower
polarity of SER could further contribute to its partitioning
behavior. The polarity of a small molecule can be represented by
its topological polar surface area (TPSA), which is the surface
sum of all polar atoms. Molecules with low polarity tend to have
a small TPSA and thus partitions more robustly into the
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membrane, while those with a large TPSA are likely to have
surface interaction with the lipid's head group.*® Additionally,
those with a TPSA of greater than 140 A* could be poor at
permeating cell membranes, while those with a TPSA of less
than 90 A? can effectively penetrate the blood-brain barrier.*’*
Both SER and PAX could freely diffuse into and interact with the
lipid membranes as they have a TPSA of 12.0 A% * and 39.7 A% %
respectively. Since the TPSA of SER is much smaller than that of
PAX, SER penetrated into DOPC LUVs to a greater extent while
PAX interacted more strongly with the lipid head group at the
water-bilayer interface, as affirmed by the frequency shifts in
the CH,, ester carbonyl and phosphate regions of DOPC LUVs in
the presence of the drugs.

The partitioning process of PAX and SER into DOPC LUVs
followed the classical hydrophobic effect, i.e., entropy-driven
with positive AH,,_,; and AS,_,1.°*"® The net value of AH,_,;
has its origin from two sources: the energy required to form the
cavities within the lipid bilayer and the energy released during
the drug-lipid interaction.”** The contribution to AH,,_,| due to
the cavities formed within the lipid bilayer was positive as
energy is expended to disrupt the lipid packing of the bilayer.
On the other hand, the negative contribution to AH,,_,, origi-
nated from the exothermic process of drugs-lipid interactions
such as the formation of hydrogen bonds between the drugs
and the ester carbonyl group of the lipid (as revealed by the
downward shift of the yC=O0 frequencies upon the drug parti-
tioning), and the hydrophobic/van der Waals interactions
between the nonpolar moieties of the drugs and the nonpolar
acyl chains of DOPC. Since SER is more lipophilic (i.e., having
a higher value of log P) and possibly formed more hydrogen
bonds with the carbonyl region of DOPC LUVs (ie., having
a larger shift in the lipid's yC=0 frequencies), it is expected that
the enthalpy loss (AHy -, < 0) due to its interaction with DOPC
bilayer would be larger than that of PAX, resulting a smaller
value of the overall net AH,,_,;. However, the net AH,,_,; value
(84.83 & 1.20 k] mol ) of the partitioning of SER is higher than
that of PAX (74.74 % 1.26 k] mol "), revealing that the enthalpy
increase (AH,_1 > 0) by disruption of the lipid packing to
accommodate the drugs predominates and largely contributes
to the overall AH_,. Furthermore, the thermodynamic
parameters showed that the transfer processes of PAX and SER
from the aqueous phase into DOPC LUVs were associated with
positive values of entropy change (AS, 1 > 0), which could be
attributed to the disordering of the lipid acyl chains as observed
by the upward shift in the »,,CH, of DOPC LUVs by 1 and 2 cm ™"
in the presence of PAX and SER, respectively. The disordering
effect on DOPC's acyl chains induced by SER was more
pronounced as shown by the larger »,,CH, shift, suggesting that
SER could penetrate more deeply into the lipid bilayer. The
disordering effect of another SSRI, fluoxetine, on the lipid acyl
chains was also reported previously.'**”** The increase in the
ASy 1 could also be related to the displacement of water
molecules surrounding the lipid's interfacial region as the
SSRIs transfer from the aqueous phase to the lipid bilayer. This
explanation was affirmed by the downward shift of the v,,PO,-
" free Of DOPC LUVs, which signifies the increase in dehydration
state of the lipid head group upon the drugs' incorporation.

This journal is © The Royal Society of Chemistry 2020
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Altogether, it could be inferred that SER penetrated more deeply
into the lipid's acyl chains and disrupted the ordering of the
lipid to a greater extent while PAX interacted more strongly with
the lipid head group and accumulated in the interfacial region.

Overall, the partitioning of PAX and SER into liquid-
crystalline DOPC LUVs was a spontaneous, endothermic
process driven mainly by entropy, as shown by negative AG,, .,
positive AHy,_,; and ASy_,. Such partitioning behavior can be
attributed to the classical hydrophobic effect.®*-** The parti-
tioning of amphiphilic molecules into lipid bilayer can be
ascribed to either of two main effects: classical or nonclassical
hydrophobic effect.®>** To distinguish between the classical and
nonclassical hydrophobic effect, the free energy of transfer of
the amphiphilic molecule to the bilayer is taken into account.
The classical hydrophobic effect is dominated by a large positive
entropy change (i.e., entropy-driven), while the nonclassical
hydrophobic effect is dictated by a large negative enthalpy
change (i.e., enthalpy-driven).®*-** The partitioning of several
cationic amphiphilic drugs into fluid-phase lipid membranes
was also found to follow the classical hydrophobic effect such as
anti-malarials (mefloquine, 4-anilinoquinoline derivatives),*>°
beta-blockers (propranolol, alprenolol, bupranolol),*” antibiotic
(azithromycin)®® and antipsychotics (promethazine, trifluoper-
azine, trimeprazine).®

The implement of ATR-FTIR in complementary with second
derivative spectrophotometry is effective in the determination
of the molecular interaction a drug may have with a model lipid
bilayer. Although SER partitioned into DOPC bilayer to a greater
extent than PAX as indicated by the K, values, the influence of
PAX on the phosphate bands of the lipid head group was larger
than that of SER. Particularly, the v,,PO, ™ g was upshifted by
2 cm ' in the presence of PAX while this shift was 1 cm ™" with
SER. Furthermore, the v,sPO, pondea remained unchanged in
the presence of SER but increased by 3 cm™" upon the parti-
tioning of PAX. Therefore, if we based our conclusion purely
from the K, values, we would have inaccurately deduced that
SER largely affects all three regions of the lipid (CH,, C=0,
PO, ") and missed out important information that in fact, SER
strongly affects the CH, and C=O0 regions while PAX strongly
affects the PO, region. Electrostatic interaction may be one of
the forces that contributed to the partitioning of these SSRIs.
Initially, the unbound drug in the aqueous phase could
randomly collide with the lipid bilayer. When this happens, the
amine moiety of either drug could be protonated and electro-
statically interacted with the PO,  region of the lipid head
group. As the drug moved toward the hydrophobic core of the
bilayer, hydrophobic interaction between the piperidine ring of
PAX or the tametraline group of SER with the acyl chain took
over. Additionally, the presence of the polarizable atoms in the
structure of the two SSRIs also contributed to the different
degree of their partitioning. PAX has one fluorine atom and two
oxygen atoms while SER has two chlorine atoms. The discrep-
ancy in polarizable atoms results in PAX being much more polar
than SER. Such a difference was reflected by the three-times
larger TPSA of PAX as compared to that of SER. Consequently,
the much smaller polar surface area of SER allowed it to
permeate the lipid bilayer to a greater extent. All things
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considered, due to the dissimilarities in the chemical structure
of the two SSRIs, their possible binding sites within the lipid
bilayer were also different such that PAX could be situated
mainly on the headgroup of the bilayer while SER could reside
primarily near the hydrophobic core.

5. Conclusions

We have investigated the interaction of PAX and SER with DOPC
LUVs from the thermodynamics aspect by second derivative
spectrophotometry and FTIR. The partition coefficients of PAX
and SER into DOPC LUVs were determined at four different
temperatures: 25, 32, 37 and 42 °C. The IR spectra of DOPC
LUVs with and without the drugs were also collected. It was
found that temperature increase from 25 to 42 °C facilitates the
partitioning of PAX and SER into DOPC LUVs, and SER parti-
tioned more strongly into the lipid bilayer than PAX did. The
thermodynamics profiles of PAX and SER indicated that their
partitioning processes into DOPC LUVs are energetically favor-
able, endothermic and follow the classical hydrophobic effect
(i.e., entropy-driven). Despite having the same thermodynamics
profiles, PAX and SER differ in their influence on the lipid confor-
mation upon their partitioning, and notably, their possible binding
sites within the lipid bilayer. In particular, PAX possibly bound to the
phosphate group of the lipid bilayer while SER could bind to the
carbonyl moiety of the lipid bilayer. The differences in the degree of
lipid membrane partitioning and possible binding sites could also
be related to the heterogeneity in their polarizable atoms, which
ultimately could affect the pharmacokinetic and pharmacologic
properties of PAX and SER.

From these findings, it might be inferred that the parti-
tioning of other antidepressant drugs in the SSRI class into fluid
lipid bilayer could also conform to the classical hydrophobic
effect. Therefore, any modification in the chemical structure of
the SSRIs that modulates their hydrophobicity could lead to
significant variations in the degree of membrane partitioning.
Additionally, alteration of the SSRIs' functional groups, most
notably the polarizable atoms such as the halogen moiety, could
largely influence their binding sites within the lipid bilayer.
This information could be beneficial to rational drug design,
optimization and drug delivery system.

Abbreviations

DOPC 1,2-Dioleoyl-sn-glycero-3-phosphocholine
DPPC 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine
DMPC 1,2-Dimyristoyl-sn-glycero-3-phosphocholine
LUV Large unilamellar vesicle

HEPES  4-(2-Hydroxyethyl)-1-piperazine-ethanesulfonic acid
SSRI Selective serotonin reuptake inhibitor

PAX Paroxetine

SER Sertraline

ATR- Attenuated total reflectance-Fourier-transform
FTIR infrared spectroscopy

T Melting temperature
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